Abstract: New Pd(II) complexes of 1,7-bis(2-methoxyphenyl)hepta-1,6-diene-3,5-dione were synthesized and structurally characterized. The complexes were tested in vitro on human colon and hepatic carcinoma cell lines, normal hepatic cells and hematopoietic progenitor cells. Biological tests proved that Pd(II) complexes 1 and 2 (containing a curcumin derivative) exhibit a strong in vitro antitumor effect against the cells derived from human colorectal carcinoma and the hepatic metastasis of a colorectal carcinoma. Complex 1 has an outstanding inhibitory effect against BRAF-mutant colon carcinoma and hepatocarcinoma cell growth; 1 and 2 are both more active than the free ligand and have the capacity to trigger early apoptotic processes. By flow cytometric measurements, an important decrease of prominin-1 (CD133) molecule expression on tumor cells membrane was identified in cell populations subjected to 1 and 2. Quantitative immune enzymatic assay proved restrictions in stem cell factor (SCF) release by treated tumor cells. Although less cytotoxic, the free ligand inhibits the surface marker CD133 expression in hepatocarcinoma cells, and in HT-29 colon carcinoma. The new synthesized Pd(II) complexes 1 and 2 exhibit an important potential through their selective cytotoxic activity and by targeting the stem-like tumor cell populations, which leads to the tumor growth arrest and prevention of metastasis.
Introduction
In the last decades, modern cancer treatment modalities have extended the survival of patients with solid tumors, but the mortality rate remains unchanged [1] . Treatment failure and multidrug resistance are common in colorectal cancers, the third most commonly diagnosed cancer in males and
Results and Discussion

Synthesis and Characterization
Two palladium(II) complexes with 1,7-bis(2-methoxyphenyl)hepta-1,6-diene-3,5-dione were synthesized and structurally characterized. Coordination of the free ligand with palladium was meant for improving the compounds bioavailability and toxicity by increasing its selectivity and targeting the tumor cells. Novel Pd(II) complexes 1 and 2, were obtained by reacting the precursor palladium complexes [(C 10 H 22 N 2 )Pd(OAc) 2 ] and [(C 6 H 14 N 2 )Pd(OAc) 2 ] with the curcumin analogue, 1,7-bis(2-methoxyphenyl)hepta-1,6-diene-3,5-dione in an equimolecular ratio (Scheme 1). All complexes, including also the precursors have been characterized by 1 H-and 13 C-NMR spectroscopy, IR spectroscopy, mass spectrometry, the analytical data being presented in the Materials and Methods and Supplementary Material sections.
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Cytotoxicity Assessments
In vitro, the Pd(II)complexes exhibit a growth inhibitory effect against the colon, hepatic and hematopoietic cells; half inhibitory concentrations (IC50) were calculated using the sigmoid dose-response curves ( Figure 1 ). The growth inhibitory effect of the complexes 1 and 2 is several fold higher as of 1,7-bis(2-methoxyphenyl)hepta-1,6-diene-3,5-dione; a low IC50 indicates a superior cytotoxicity ( Table 1 ). The The growth inhibitory effect of the complexes 1 and 2 is several fold higher as of 1,7-bis(2-methoxyphenyl)hepta-1,6-diene-3,5-dione; a low IC 50 indicates a superior cytotoxicity (Table 1) . The one-way analysis of variance and the Dunnet post-test indicates a very significant difference between the antiproliferative activity of ligand vs. Pd(II) complexes in HT-29, DLD-1 and LIV cell lines (p < 0.01). A significant effect is observed also in CSC and CD34 positive lymphocyte populations (p < 0.05). In every cell line, complex 1 effect is prominent (p < 0.05), being the most active against all the cell lines (Table 1, Figure 1 ). Paradoxically, complexes 1 and 2 and the curcumin analogue exhibit the best effect against the CSC cell line (Figure 1) , which display the highest proliferation rate among the studied cell populations. Since the cells turnover is more rapid in this cancer stem-like cell line, the compounds 1, 2 and the ligand might inhibit in the first 24 h of treatment the molecules of β-catenin, interleukins and transmembrane proteins [32] , which control the stem cells' proliferation. The effect of complex 1 is slightly reduced in normal LIV hepatic cells and lymphocytes in comparison with the colon tumor cells and with CSC liver stem-like tumor cells (one-way Anova test, p < 0.05), but it is still toxic against all cell types. Complex 1 exhibits the best selectivity towards the cancer cells, while in the case of complex 2, the antiproliferative activity is almost similar in normal LIV and malignant DLD-1 cells. Moreover, complex 2 displays a lower effect against the HT-29 cells as compared with the normal hepatic cells. The treatment with 1,7-bis(2-methoxyphenyl)hepta-1,6-diene-3,5-dione and with complexes 1 and 2 has influence on CD34 positive cells population viability. The ligand has a low effect and the toxicity of 1 follows the same trend as in tumor cells and normal hepatocytes. Complex 2 shows a significantly lower toxicity on cluster of differentiation (CD34) positive hematopoietic stem cells. In colon cancer CD34 antigen is a marker of the microvessel density [33] , being expressed on endothelial cells which contribute to the neoangiogenesis in the malignant tissues, therefore the compound has a good potential to interact with the tumor microenvironment as well.
Prominin-1 (CD133) Expression
Prominin-1 or CD133 is expressed as membrane marker on normal and tumor stem cells, and in many colorectal [34] and hepatic cell lines [35] , and its expression influences the balance between survival and apoptosis of these malignant cells [36] .
The basal CD133 value differs significantly in each cell line. We have found elevated values of CD133 in HT-29 cell line as described before [5, 37] and this was the population with the biggest basal CD133 + expression; while in DLD-1 cell line we found the lowest expression among all the studied cell lines ( Figure 2 , Table 2 ). The CSC malignant liver cell population is richest in CD133-positive cells as the normal LIV cell line. In HT-29 and CSC cells, all compounds diminished the CD133 proportion, significant being only complex 1 ( Figure 2 ). The free ligand effect has a statistical significance only in HT-29 cells, and complex 2 influences positively the growth in CSC. In DLD-1 population none of the tested compounds reduces the fraction of CD133 positive cells (one-way analysis of variance, Bonferroni multiple comparison test in the 95% confidence interval). An important aspect is the behaviour of normal LIV cells, where the curcumin analogue and the complexes 1 and 2 increased the CD133-positive cells proportion after a 24 h treatment, proving that the normal stem-like cells are not affected ( Figure 3 ). In the CD34 positive hematopoietic stem cells the expression of CD133 increases following the treatment with the ligand and with the complex 1, while complex 2 significantly decreases the proportion of double positive CD133 + CD34 + cells.
CD133 is a transmembrane glycoprotein with an extracellular N-terminus, a cytoplasmic C-terminus and cysteine rich cytoplasmic and extracellular loops [38] . In metal-functionalized nanostructures it was evidenced that palladium bind to glycoproteins C-terminus [39] , therefore we can't exclude a direct interaction of 1 and 2 with CD133. Pd can exert as well an indirect influence on CD133 through the phosphatidylinositol 3-kinase PI3K/Akt signaling pathway. 1 or 2 has a weaker effect on DLD-1 cells, since the overexpression of CD133 is linked to K-ras gene mutation, a characteristic of these cells.
In vitro tests proved that curcumin derivatives manifest the capacity to reduce CD133 membrane marker expression and reduce the CD133 positive stem cells proliferation by counteracting the epithelial-mesenchymal transition in a tridimensional tumor model [40] . However, the reduced bioavailability of curcumin, which target many other cell types not only the cancer cells [10] , could be an impediment to obtain the same results in vivo in living organisms. Therefore, by chemical derivatization of the curcuminoid ligand our aim was to target the highly proliferative tumor cells.
CD133 up-regulation in colorectal cancers is associated with progression of the disease, poor prognosis and drug resistance [5, 8] , therefore the decrease of the stem-like tumoral CD133 + cells proportion in HT-29 colon carcinoma and CSC hepatic metastasis due to exposure to complex 1 indicates good therapeutic perspectives, especially because the compound simultaneously enhances the expression of CD133/prominin-1 of normal stem cells.
Stem Cell Factor
The soluble form of SCF in human serum is associated with the level of malignancy, suggesting that it could serve as a tumor marker [41] in colorectal cancer. The overexpression of SCF enhances the cellular proliferation and invasion in the colorectal cancer by binding and activating the receptor tyrosine kinase c-Kit through the PI3K/Akt signaling pathway, therefore the SCF/cKit system became an appropriate target for cancer therapies [42] .
The SCF secretions of the treated cells were estimated with a quantitative immunoenzymatic method, enzyme-linked immunosorbent assay (ELISA) after 24 h of treatment. However, the lasting effect of compounds for the next 24 h after removing them from the cell cultures, was taken into consideration too (Figure 4) . Compound 1 inhibits very significantly the SCF production in DLD-1 after 24 h of treatment and 24 h after the treatments end, but in HT-29 cells does not display the same effect. In CSC tumor cells, the inhibitory effect was not evident after 24 h, but after 48 h the SCF level reduction was statistically significant. In LIV the changes in SCF are not significant, while in CD34 + hematopoietic cell populations the decrease of SCF level after 24 h of treatment is promptly restored (one-way analysis of variance, Turkey post-test, p < 0.05).
Compound 2 inhibits the SCF production in DLD-1 after 24 h of treatment and the decrease maintains at 48 h as well. In CSC even if no significant effect was detected after 24 h, the cessation of the treatment corresponded to the SCF concentration decrease (one-way analysis of variance, Turkey post-test, p < 0.05). In HT-29 cells no significant decrease was observed at 24 h or 48 h checkpoints. As regards the normal cell behavior, following the treatment the SCF secretion does not modify significantly in LIV at any time point. In CD34 positive hematopoietic stem cells during the treatment was no significant change and after cessation of the treatment, SCF secretion was enhanced, not inhibited. Human colorectal carcinoma cells: HT-29 and DLD-1 co-express and overexpress the receptor tyrosine kinase c-Kit and its ligand SCF and the increase of SCF level in their cell growth medium contributes to anchorage-independent expansion [44] . Hundreds of protein phosphorylation sites were identified in HT-29 human colon adenocarcinoma cell line which display a different SCF pattern, unlike the other studied cell lines: DLD-1, CSC, LIV and the hematopoietic stem cells. The HT-29 cell line exhibit the BRAF mutation and not the K-ras mutation like DLD-1, which could influence through several chemokines the c-Kit-SCF ligand formation, and the drug targeting can be activated by SCF. KIT is expressed only in DLD-1 cells and this will influence the phosphorylation Compound 1 inhibits very significantly the SCF production in DLD-1 after 24 h of treatment and 24 h after the treatments end, but in HT-29 cells does not display the same effect. In CSC tumor cells, the inhibitory effect was not evident after 24 h, but after 48 h the SCF level reduction was statistically significant. In LIV the changes in SCF are not significant, while in CD34 + hematopoietic cell populations the decrease of SCF level after 24 h of treatment is promptly restored (one-way analysis of variance, Turkey post-test, p < 0.05).
Compound 2 inhibits the SCF production in DLD-1 after 24 h of treatment and the decrease maintains at 48 h as well. In CSC even if no significant effect was detected after 24 h, the cessation of the treatment corresponded to the SCF concentration decrease (one-way analysis of variance, Turkey post-test, p < 0.05). In HT-29 cells no significant decrease was observed at 24 h or 48 h checkpoints. As regards the normal cell behavior, following the treatment the SCF secretion does not modify significantly in LIV at any time point. In CD34 positive hematopoietic stem cells during the treatment was no significant change and after cessation of the treatment, SCF secretion was enhanced, not inhibited. Human colorectal carcinoma cells: HT-29 and DLD-1 co-express and overexpress the receptor tyrosine kinase c-Kit and its ligand SCF and the increase of SCF level in their cell growth medium contributes to anchorage-independent expansion [44] . Hundreds of protein phosphorylation sites were identified in HT-29 human colon adenocarcinoma cell line which display a different SCF pattern, unlike the other studied cell lines: DLD-1, CSC, LIV and the hematopoietic stem cells. The HT-29 cell line exhibit the BRAF mutation and not the K-ras mutation like DLD-1, which could influence through several chemokines the c-Kit-SCF ligand formation, and the drug targeting can be activated by SCF. KIT is expressed only in DLD-1 cells and this will influence the phosphorylation and the soluble SCF level following the treatment. 1 exhibits a good selectivity towards DLD-1 more likely because the diammine palladium moiety of 1 acts against the KIT receptor, while dimethylpiperazine group of 2 influence only SCF.
Materials and Methods
General Information
All chemicals for syntheses (3,4-dimethoxybenzaldehyde, acetylacetone, B 2 O 3 , tri-n-butyl borate, n-butylamine, ethylacetate, chloroform, methanol, Pd(OAc) 2 ,) were of reagent grade and were used as received. Chloroform was refluxed over CaH 2 and ethyl acetate was refluxed over CaCO 3 and then freshly distilled. N,N,N ,N -tetramethylcyclohexane-1,2-diamine [45] and 1,4-dimethylpiperazine [46] were prepared as described previously in the literature. Purification of final products was done by column chromatography performed on silica gel (silica 0.035-0.070 mm 60 Å). The IR spectra were recorded on a 6700 FT-IR spectrophotometer (Nicolet, Waltham, MA, USA) scanning between 500 and 4000 cm −1 . NMR spectra were measured on a Gemini 2000 spectrometer (Varian, Palo Alto, CA, USA) at working frequencies 300 MHz (for 1 H-NMR) and 75 MHz (for 13 C-NMR). Spectra were measured in CD 3 OD, using as internal standard TMS (tetramethylsilane). The chemical shifts (δ) are reported in parts per million (ppm) and the splitting of the protonresonances in 1 H NMR spectra is defined as follows: s = singlet, d = doublet, t = triplet and m = multiplet. High resolution mass spectra (HRMS) were recorded in positive mode, on a LTQ XL Orbitrap spectrometer (ThermoScientific, San Jose, CA, USA) using the electrospray ionization technique. Melting point was determined with a Koffler hot stage without correction.
Synthesis
Curcumin derivative 1,7-bis(2-methoxyphenyl)hepta-1,6-diene-3,5-dione was prepared according to a known procedure [47] . The precursor palladium complexes with (R,R)-N,N,N ,Ntetramethylcyclohexane-1,2-diamine[(C 10 H 22 N 2 )Pd(OAc) 2 ] and with 1,4-dimethylpiperazine [(C 6 H 14 N 2 )Pd(OAc) 2 ] were synthesized based on a procedure reported on our previous studies [29] .
Synthesis of Complex 1
To a solution of 0.15 g (0.45 mmoles) of 1,7-bis(2-methoxyphenyl)hepta-1,6-diene-3,5-dione in dry chloroform (5 mL) were added dropwise precursor complex [(C 10 H 22 N 2 )Pd(OAc) 2 ] (0.18 g, 0.45 mmol) dissolved in chloroform (3 mL). Reaction mixture was kept on stirring at room temperature for 42 h. After that, the solvent was removed under vacuum and the final product was purified by silica gel chromatography (CHCl 3 :CH 3 OH, 9:1). The pure product was isolated as a yellowish solid (0.07 g, 23%), m.p. 162-165 • C. 
Synthesis of Complex 2
A solution of palladium(II) complex [(C 6 H 14 N 2 )Pd(OAc) 2 ] (0.27 g, 0.79 mmoles) in dry methanol (5 mL) was added dropwise to 1,7-bis(2-methoxyphenyl)hepta-1,6-diene-3,5-dione (0.26 g, 0.79 mmol) dissolved in methanol (10 mL). The reaction mixture was stirred at room temperature for 40 h. The final product was purified by silica gel chromatography (CHCl 3 /CH 3 OH 9:1) and 0.09 g (19%) of a pure compound were isolated as an orange solid, m.p. 145-150 • C. 1 
Cell Cultivation and Cytotoxicity
Biological tests were done on HT-29 and DLD-1 human colorectal cancer cell lines obtained from the European Collection of Cell Cultures (ECACC, Salisbury, United Kingdom). HT-29 was cultured in McCoy's 5A Modified Medium and DLD-1 in RPMI-1640 cell culture media, both supplemented with Fetal Calf Serum 10%, L-glutamine and penicillin-streptomycin (Sigma-Aldrich, St. Louis, MO, USA). CSC human primary hepatocarcinoma cells and LIV normal hepatic cells were isolated and cultivated as described earlier [48] ; they were grown in Dulbecco's Modified Eagle Medium (with 4500 mg glucose/L) and Nutrient Mixture F-12 in 1:1 ratio, supplemented with Fetal Calf Serum (FCS) 10%, L-glutamine, penicillin-streptomycin, sodium pyruvate, β-mercaptoethanol and non-essential aminoacids (1% all the supplements). Normal human CD34 + lymphocytes, obtained by magnetic separation from whole population using CD34 microbeads and MACS magnetic separation system (from Miltenyi Biotech, Bergisch Gladbach, Germany) were cultivated in RPMI-1640 cell culture media, supplemented with FCS 10%, L-glutamine and penicillin-streptomycin. In the case of colon and hepatic cell lines, the experiments were done at 70-80% cell confluence, while for lymphocytes the cells were used immediately after the separation; the tests were confirmed by at least three independent measurements.
Cytotoxicity evaluations were done with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test (Sigma-Aldrich) for HT-29, DLD-1, CSC and LIV cells. The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium/phenazine methosulfate (MTS/PMS) (Promega Corporation, Madison, WI, USA) colorimetric cell proliferation assay was done on normal human lymphocytes, following a protocol established previously [49] . Briefly, cells were seeded in triplicate in 96-well flat-bottom plates, at a cell population density of 2 × 10 4 and 15 × 10 3 for MTT and MTS/PMS assays, respectively. After 24 h, variable concentrations of the ligand and its palladium complexes (0.001-500 µg/mL) were added and the cells were incubated for additional 24 h. The half maximal inhibitory concentration (IC 50 ) values were calculated as the concentrations corresponding to a 50% reduction of the cellular growth.
Quantitative Determination of Human Stem Cell Factor/c-Kit Ligand with ELISA
The in vitro SCF secreted by the colon carcinoma cell lines, hepatic cell lines and by the human normal lymphocytes was measured with ELISA quantitative sandwich enzyme immunoassay technique from the supernatants of the cells using the Quantikine human SCF Immunoassay (R&D Systems Europe Ltd., Abingdon, UK), and it was carried out according to the manufacturer's procedures. Briefly, the cells were seeded in triplicate in 24-well plates at a cell population density of 4 × 10 5 cells/mL. After 24 h of incubation, cells were treated with the free ligand and with Pd(II) complexes 1 and 2 at their IC 50 concentrations and the supernatants were collected. After removal of the treatment, fresh media was added to the cells, and another harvesting of supernatant was performed for 24 h. The samples were centrifuged, aliquot and stored at ≤−80 • C. Monoclonal antibodies specific for SCF pre-coated onto microplates were used as capture antibodies. Standards and samples were pipetted into the wells and the SCF protein bound to the immobilized antibody. After washing away the unbound substances, an enzyme-linked polyclonal antibody specific for SCF was added to the wells. After removing the unbound antibody-enzyme reagent, a substrate solution was added to the wells and color developed proportionally with the amount of the SCF bound in the initial step. The color development was stopped and the optical densities were recorded using the ELISA microplate reader (Tecan Sunrise, Grödig, Austria) at 450 nm, with the correction wavelength set at 540 nm. The concentrations of the SCF were determined using the standard curve obtained from recombinant SCF, and were expressed as pg/mL.
Immunofluorescent Staining and Flow-Cytometry Analysis
Allophycocyanin (APC) labeled CD133/1 (AC133 clone, from Miltenyi Biotech, Bergisch Gladbach, Germany) anti-human monoclonal antibodies were used in order to identify CD133, which is a 5-transmembrane cell surface antigen with a molecular weight of 117 kDa [50] . Identification and analysis of CD133/1(AC133) + cells was performed by flow-cytometry (FACS Canto II flow cytometer, BD Biosciences, San Jose, CA, USA) using the 633-nm, red, 17-mW HeNe excitation laser. The 660/20 filter was used to detect APC, the fluorescent marker of CD133.
The labeling of positive tumor cells was described before [51] ; briefly, the cells were seeded in triplicate in 24-well plates at a cell population density of 4 × 10 5 cells/mL. They were treated after 24 h of incubation with the free ligand and with complexes 1 and 2 using the concentrations corresponding to their IC 50 values. Cells were removed from the plate by trypsinization, washed with CellWash buffer (from BD Biosciences), and up to 10 6 cells were re-suspended in 80 µL phosphate buffered saline solution (PBS) with 0.5% FCS. 10 µL of FcR blocking reagent (from Miltenyi Biotec) was added in order to increase the specificity of the antibody and thereby to improve the purity of target cells. Afterward CD133/1 (AC133) antibody was added (10 µL) and the samples were incubated for 10 min in the dark, at 2-8 • C. Finally, cells were washed and re-suspended in 500 µL buffer for flow-cytometry analysis. Biostatistics was performed using the GraphPad Prism5 software (Graph Pad, San Diego, CA, USA).
Conclusions
The activity in vitro of studied compounds, points towards their applicability in living organisms as well. The cytotoxicity of complex 1 was prominent and the fact that complex 1 downregulates the CD133 expression in cancer cells along with the strong reduction of the SCF secretion in two aggressive tumor cell lines suggests a potential applicability as prodrug. Complex 2 activity against the tumor cells is weaker than complex 1. On the other hand, compound 2 shows the best selectivity towards hematopoietic progenitor CD34 positive stem cells and reduces to a lesser extent the SCF expression in normal cells. The free ligand although less cytotoxic, inhibits the CD133 expression in hepatocarcinoma cells and in HT-29 colon carcinoma and generally it does not decrease the soluble SCF concentration. The difference of biological activity between complexes 1 and 2 may appear from the diamminepalladium moiety. As far as for the tetramethylcyclohexane-1,2-diamine the chair structure is energetically favored, the steric hindrance is not an impediment. In the case of dimethylpiperazine found in complex 2, the predicted boat conformation may obstruct the biological activity. The novel Palladium(II) complexes 1 and 2 with 1,7-bis(2-methoxyphenyl)hepta-1,6-diene-3,5-dione ligand, obtained by biology-oriented synthetic methods, exhibit enhanced biologic activity against human colon and hepatic tumor cells by targeting the stem-like cancer cell populations. This indicates that the complexes metal-curcumin-like ligands are potential compounds able to arrest the tumor growth and to reduce the cell migration.
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